INTRODUCTION
Staphylococcus aureus produces a wide variety of exoproteins that contribute to its ability to colonize and cause disease in mammalian hosts. Nearly all strains secrete a group of enzymes and cytotoxins which includes four hemolysins (alpha, beta, gamma, and delta), nucleases, proteases, lipases, hyaluronidase, and collagenase. The main function of these proteins may be to convert local host tissues into nutrients required for bacterial growth. Some strains produce one or more additional exoproteins, which include toxic shock syndrome toxin-1 (TSST-1), the staphylococcal enterotoxins (SEA, SEB, SECn, SED, SEE, SEG, SEH, and SEI), the exfoliative toxins (ETA and ETB), and leukocidin. Each of these toxins is known to have potent effects on cells of the immune system, but many of them have other biological effects as well. Their primary function in vivo may be to inhibit host immune responses to S. aureus. TSST-1 and the staphylococcal enterotoxins are also known as pyrogenic toxin superantigens (PTSAgs). Two former names for TSST-1 were staphylococcal pyrogenic exotoxin C and staphylococcal enterotoxin F.
This review addresses the structure and biological functions of the exotoxins and hemolysins secreted by S. aureus. We first describe the general properties of the staphylococcal PTSAgs and the diseases caused by them. Next, we consider in detail the molecular structures of the PTSAgs, since knowledge of these structures has been instrumental in understanding their biological functions. In later sections, we review the structure and function studies of the hemolysins and leukocidin. The reader is referred to references 91 and 135 for a review of the structural biology of the exfoliative toxins and their relationship to staphylococcal scalded skin syndrome.
PTSAg FAMILY OF EXOTOXINS
The PTSAgs are a group of exotoxins secreted by either S. aureus or Streptococcus pyogenes that have been grouped together because they share several important biological characteristics (24, 26) . The family of PTSAgs presently includes TSST-1, most of the staphylococcal enterotoxins (SEA, SEB, SECn, SED, SEE, and SEH), and the streptococcal pyrogenic exotoxins (SPE A, B, C, F, G, H, and J and streptococcal superantigen) (10, 12, 24, 26) . Each of these exotoxins exhibits at least three biological properties: pyrogenicity, superantigenicity, and the capacity to enhance the lethality of endotoxin in rabbits up to 100,000-fold (24, 26, 105) . Some PTSAgs possess additional properties. For example, the staphylococcal enterotoxins (SEs) are potent emetic agents whereas the other PTSAgs are not (13, 24, 27) . Also, TSST-1 is unique in its ability to cross mucosal surfaces (27, 66, 107) and is the only PTSAg known to reactivate bacterial cell wall-induced arthritis (155) . The SPEs are exceptional in that they induce highly significant myocardial necrosis (156) . Furthermore, SPE A is toxic to immune system cells in the presence of endotoxin and binds tightly to endotoxin (99) , while TSST-1 increases the lethal effects of endotoxin on renal tubular cells (82) . These last two interactions with endotoxin have not been examined with other PTSAgs. The best-characterized property of the PTSAgs is superantigenicity, which refers to the ability of these exotoxins to stimulate proliferation of T lymphocytes without regard for the antigen specificity of these cells (55, 105, 138) . Much less is known about the molecular mechanisms underlying other shared or unique PTSAg properties. Other staphylococcal enterotoxin proteins (SEG, SEH, and SEI) or genes (sej and sek) may also be PTSAgs or encode PTSAgs because they exhibit superantigenic activity or sequence homology to known PTSAgs (26, 102, 182) .
In addition to their functional similarities, the staphylococcal PTSAgs share a number of genetic and biochemical characteristics. Like most proteins secreted by S. aureus, they are produced primarily in the postexponential phase of growth. The genes for these toxins are carried by plasmids, bacteriophages, or heterologous genetic elements, referred to as pathogenicity islands (24, 102, 182) . Their expression is controlled by at least three global regulatory systems designated accessory gene regulator (agr) (137) , staphylococcal accessory gene regulator (sar) (37) , and a catabolite repression system. Each toxin is translated into a precursor protein containing an aminoterminal signal sequence, which is cleaved during export from the cell. The mature PTSAgs are small, nonglycosylated, polypeptide molecules with molecular weights ranging from 20,000 to 30,000. They are moderately stable to chemical inactivation, proteolysis, and denaturation by boiling. Comparison of the amino acid sequence of each PTSAg to other PTSAgs reveals 22 to 80% identity (153) . However, primary sequence homology among PTSAgs has not been predictive of homology in their tertiary structures: TSST-1, SEA, SEB, and SEC fold into highly similar three-dimensional structures (1, 70, 122, 130, 142, 168) .
All staphylococcal PTSAgs are easily prepared from S. aureus original source strains or from S. aureus clones containing plasmid-encoded toxins. In our laboratory the organisms are cultured until stationary phase in dialyzable beef heart medium, with high aeration, at 37°C and at pHs from 7 to 8. Cultures (cells and fluid) are treated with 4 volumes of 4°C ethanol to precipitate toxins. Finally, the toxins are resolubilized in pyrogen-free water and subjected to preparative thinlayer isoelectric focusing, first in a pH gradient of 3 to 10 and then in a narrow gradient encompassing the isoelectric point (pI) of the toxin. The toxins are eluted from the gel, and ampholytes are removed by dialysis. Typically, 1 to 20 mg of a PTSAg per liter can be obtained by use of this method, depending on the toxin.
ROLE OF PTSAgs IN HUMAN DISEASE
The staphylococcal PTSAgs cause or have been implicated in the pathogenesis of several acute or chronic human disease states (87, 149) . For example, TSST-1 has been found in the kidneys of 18% of victims of sudden infant death syndrome (115) . TSST-1-producing S. aureus has been isolated from over 60% of patients with Kawasaki syndrome (100) , which is the leading cause of acquired heart disease among children in the United States. By activating autoreactive T-cell clones, PTSAgs could theoretically induce autoimmune disease in humans. Although a firm mechanistic link between PTSAg exposure and autoimmunity has not been established, a skewed distribution of T-cell receptor (TCR) beta-chain variable regions (V␤) has been detected in T-cell populations isolated from the joints of patients with rheumatoid arthritis (121) . This V␤ skewing of T cells is not typically observed in normal immune responses but is consistent with oligoclonal expansion of PTSAg-stimulated cells. In addition, TSST-1 reactivates bacterial cell wall-induced arthritis in rats (155) , suggesting that this toxin may play a role in recurrence of reactive arthritides. We now address two human diseases that are definitely caused by PTSAgs elaborated by S. aureus: staphylococcal food poisoning (SFP) and staphylococcal toxic shock syndrome (TSS).
PTSAgs AND STAPHYLOCOCCAL FOOD POISONING

Clinical Aspects
S. aureus colonization of food has long been associated with a form of gastroenteritis that is manifested clinically as emesis with or without diarrhea. This condition is called staphylococcal food poisoning (SFP) and results from ingestion of one or more preformed SEs on food that has been contaminated with S. aureus. Signs of systemic toxicity, such as fever and hypotension, are rarely observed in cases of SFP. Furthermore, SFP is a self-limited condition that typically resolves within 24 to 48 h of onset. The incidence of SFP is unknown, but it is probably the most common cause of food poisoning in the United States. It is not clear whether long-lived immunity to SFP develops in humans. However, antibodies to one SE would not necessarily confer immunity to SFP, because multiple SEs are capable of inducing disease. In some instances, antibodies produced against one SE may confer cross-protection against another SE. For example, heterologous antibodies to SEB may confer cross-protection against SEC because these two SEs share antibody binding epitopes (162) .
All of the SEs cause emesis when administered orally to primates. Ingestion of SEs does not result in measurable enterotoxemia unless extremely high doses are consumed. In contrast to the SEs, orally administered TSST-1 does not cause emesis in monkeys but instead causes the systemic symptoms of TSS when given orally to rabbits (27) . Despite its oral toxicity, TSST-1 has not been recognized as a medically significant food poison. TSST-1 may not be emetic for several reasons. First, TSST-1 is susceptible to cleavage by pepsin and may therefore be less stable in the gut than the SEs (53) . If TSST-1 remains sufficiently stable in the gut, it may lack the structural determinants shared by the SEs that are responsible for induction of emesis. Alternatively, it is possible that most or all of the orally administered TSST-1 rapidly enters the systemic circulation. As previously noted, TSST-1 is exceptional among the PTSAgs in its ability to cross mucosal surfaces efficiently.
SE-induced gastroenteritis is further defined by a characteristic set of histological abnormalities (71) . Inflammatory changes are observed in several areas of the gastrointestinal tract, but the most severe lesions appear in the stomach and the upper part of the small intestine (83) . These areas exhibit a hyperemic mucosa with neutrophilic infiltrates in the epithelium and the underlying lamina propria. A mucopurulent exudate is observed in the lumen of the duodenum. In the jejunum, there is crypt extension and disruption or loss of the brush border. Extensive infiltrates of neutrophils and macrophages appear in the lamina propria of the jejunum.
Pathogenesis
It is known that the target for SEs responsible for initiating the emetic reflex is located in the abdominal viscera, where putative cellular receptors for SEs exist (165) . Since these receptors have not yet been identified, there remains much uncertainty regarding the early events in the pathogenesis of SFP. A leading hypothesis is that emesis occurs in response to SE-induced inflammation. The symptoms of SFP are highly correlated with the generation of a number of inflammatory mediators, including prostaglandin E 2 , leukotriene B 4 , and 5-hydroxyeicosatetraenoic acid (77) . Cysteinyl leukotrienes, such as leukotriene E 4 , have also been implicated as critical mediators in SFP (143) . It is unclear whether these mediators are generated directly or indirectly in response to SEs. Ultimately, the emetic response to the SEs is dependent on activation of the medullary emetic center in the brain stem, which is stimulated by impulses transmitted through the vagus and sympathetic nerves.
Several groups have proposed that mast cells are a primary source of inflammatory mediators released during SFP (85, 136) . One current hypothesis is that the SEs trigger degranulation of mast cells via direct binding to receptors on these cells rather than through the typical immunoglobulin E-mediated process of mast cell activation (77) . Although evidence has been provided for the existence of an SE receptor on mast cells (85, 136) , Alber et al. found that SEB did not directly induce monkey mast cells to release inflammatory mediators (3). These findings indicate that mast cell activation in vivo requires both SE binding and additional costimulatory signals.
Alternatively, a neurogenic model in which mast cells are stimulated by neuropeptides released from sensory nerves has been proposed. Substance P is one putative mast cell-activating peptide that has been implicated in SEB-induced toxicity (61) . However, Beery et al. (7) did not detect binding of SEA to nervous tissue in the rat gastrointestinal tract, suggesting that direct induction of neuropeptide release by SEs is unlikely. In conclusion, if the role of mast cells in SFP is confirmed, the mechanisms through which the SEs promote mast cell degranulation remain to be further elucidated.
STAPHYLOCOCCAL TOXIC SHOCK SYNDROME Epidemiology
The Centers for Disease Control and Prevention (CDC) case definition of TSS is shown in Table 1 , along with several laboratory findings that are considered pathognomic for TSS (32, 124) . TSS is an acute and potentially fatal illness that is characterized by a high fever, diffuse erythematous rash, desquamation of the skin 1 to 2 weeks after onset (if not fatal before this time), hypotension, and involvement of three or more organ systems (33, 43, 44, 140, 158, 171) . The illness was initially brought to the attention of the medical community in 1978 by Todd et al. (171) , who recognized TSS as a major systemic illness associated with noninvasive S. aureus infections in children. The illness was also designated TSS by these investigators. In the early 1980s, an epidemic of TSS occurred among young women in the United States. Nearly all of these cases of TSS were associated with menstruation, the use of tampons (particularly those of higher absorbency), and the presence of S. aureus localized to cervical or vaginal colonization (4, 43, 120, 139, 158) . The absence of detectable bacteremia in these patients suggested that TSS resulted from intoxication with products elaborated by S. aureus. TSST-1 was the first marker toxin identified for TSS (11, 13, 154) , and this toxin is currently accepted as the cause of 100% of menstruationassociated TSS cases. TSST-1 is the only PTSAg known to cause TSS from intravaginal sources; this is presumably due to its unique capacity to cross mucosal surfaces. Of the S. aureus strains isolated in TSS cases not associated with tampon usage, approximately 50% produce TSST-1, 47% produce SEB, and 3% produce SEC (24, 147) . Coagulase-negative staphylococci have not been shown to cause TSS.
The incidence of staphylococcal TSS in the United States has decreased significantly since the 1980s, primarily because of increased public awareness of the role of tampons in menstruation-associated TSS (34) . In 1997, the incidence of staphylococcal TSS in the United States was estimated to be 6,000 cases per year (150) . This incidence was based on the estimated incidence of staphylococcal TSS in Minnesota for 1997. The incidence rates of both menstruation-associated TSS and nonmenstruation-associated TSS decreased in Minnesota from 1996 to 1997 (150) . This decrease is presumably due to ongoing prevention efforts targeting tampon usage and management of primary surgical wounds, which are common sites of S. aureus infection. The overall case fatality rate for staphylococcal TSS has remained at 5%.
For reasons that are often unclear, patients frequently show many clinical features consistent with PTSAg intoxication but fail to meet the CDC case criteria for the diagnosis of TSS. Many of these persons may be misdiagnosed or diagnosed as having "probable" or "possible" TSS if they fail to exhibit one or two of the case criteria, respectively. In view of this problem, Parsonnet (124) recently proposed that the clinical case definition for TSS be revised to include the laboratory findings listed with the CDC criteria in Table 1 . These findings could be used to confirm or disprove a diagnosis of TSS, and thereby improve both the specificity and sensitivity associated with the identification of TSS cases.
Immunity
As indicated in the revised definition of TSS, a lack of detectable antibodies to TSS-associated PTSAgs in serum is predictive of susceptibility to TSS. In a study of Wisconsin residents (176) , antibody titers considered protective against TSST-1 (Ͼ100) were detected in 30% of 2-year-old infants and in over 90% of men and women 25 years of age. Another study measured low or negative titers of TSST-1-specific antibodies (Ͻ5) in acute-phase serum samples from 90.5% of patients with menstruation-associated TSS (163) . Decreased antibody titers to the SEs were also observed among TSS patients (11) . In addition, it was reported that less than half of patients with menstruation-associated TSS developed seropositivity to TSST-1 within 2 months of their illness (163) , and some individuals were found to remain serosusceptible even after repeated episodes of TSS (11) . The failure of some individuals to make antibodies against TSST-1 may be analogous to the observation that TSST-1 is a poor immunogen in rabbits. Up to 50% of rabbits hyperimmunized with TSST-1 failed to develop antibodies against this toxin, even though the humoral immune responses of these rabbits to other antigens remained intact (146) . However, while the immunoglobulin response to TSST-1 was impaired in rabbits, delayed-type hypersensitivity reactions to other antigens were enhanced in the presence of TSST-1 (146) . The use of toxoid vaccines may overcome this mechanism of resistance in individuals who fail to develop immunity to TSS.
Clinical Manifestations
TSS is characterized by a broad spectrum of clinical and histopathological findings (33, 92, 123, 140) . Like endotoxinmediated shock, TSS is considered a capillary leak syndrome that is manifested clinically as hypotension, hypoalbuminemia, and generalized nonpitting edema. Many of the signs and symptoms of TSS appear to result from severe hypotension, but some sequelae appear to involve other pathogenic processes. Examples of findings not explained by hypotension alone include the rash, diarrhea, intrahepatic cholestasis, intrinsic renal dysfunction, coagulopathy, thrombocytopenia, hypophosphatemia, and hypocalcemia (33, 35, 36, 64, 92, 123) . The acute respiratory distress syndrome and disseminated intravascular coagulation are common and potentially lifethreatening complications of TSS (92, 140) . Most histologic abnormalities in fatal cases reflect prolonged hypovolemic shock, yet some types of microscopic lesions associated with TSS are considered idiosyncratic to this disease. These include systemic lymphocytic perivasculitis, hepatic periportal triaditis and fatty change, extensive erythrophagocytosis by reticuloendothelial cells, and ulcerative vaginitis in menstruation-associated cases (98, 140) . These lesions distinguish TSS from other forms of septic shock.
In addition to menstruation-and wound-associated forms of TSS, several other categories of TSS are recognized today. For example, there are cases associated with the use of contraceptive diaphragms and sponges and cases associated with childbirth. It has also been proposed that these cases of TSS result from processes similar to those described for tampon-associated TSS, but the exact mechanism of disease induction remains unclear. There are also important nonmenstrual subsets of TSS, including (i) influenza-associated cases, in which S. aureus superinfects tracheal lesions causes by influenza virus (104); (ii) recalcitrant erythematous desquamating syndrome (41) , in which patients with AIDS develop an unrelenting course of TSS for 70 days or more; (iii) postsurgical TSS, in which S. aureus induces TSS from a wound site but infection is not detected because the organisms typically fail to induce visible signs of inflammation; (iv) atopic dermatitis-like illnesses; and (v) scalded skin syndrome-like illnesses.
Tampons and Menstruation-Associated TSS
The role of tampons in the development of TSS has been the subject of much debate. A large number of theories have been put forward to explain their association with TSS, but only two of these appear viable today. In 1983, we proposed that the association of tampons with TSS resulted from tampon-mediated introduction of oxygen into the normally anaerobic vagina (152) . In this study it was shown that S. aureus required certain conditions for production of TSST-1, including animal protein, low levels of glucose (high glucose served as a catabolite repressor to TSST-1 production), a temperature of 37 to 40°C, a pH of 6.5 to 8, and oxygen. All of these requirements except oxygen are present in the human vagina during menstruation in the absence of tampons. Wagner et al. later showed that tampons significantly oxygenated the vagina during menstruation (178) . It is hypothesized that the higher-absorbency tampons are most closely associated with TSS because they introduce greater amounts of oxygen into the vagina during menstruation, presumably allowing greater production of TSST-1.
Although generally accepted as the reason for tampon association with TSS, this "oxygen" theory needs to be reconciled with two observations: (i) a small percentage of women who have not used tampons develop menstrual TSS, and (ii) numerous women develop recurrent menstruation-associated TSS despite not using tampons just prior to the onset of an episode of TSS. It has been demonstrated that strains of S. aureus causing menstrual forms of TSS make high levels of proteases (172) . Thus, proteolytic cleavage of menstrual blood may release sufficient oxygen to induce the production of TSST-1 in women who develop TSS or recurrent TSS in the absence of tampon use. Finally, as a second possible reason for the association of certain high-absorbency tampons with TSS, Kass et al. (80) proposed that some tampons bind sufficient magnesium such that the intravaginal growth kinetics of toxigenic S. aureus are altered, leading to greater toxin production. However, when we tested this model of TSST-1 production in vitro, toxin production generally occurred at times well beyond the time women kept tampons in the vagina (81) .
Most recently, there has been debate over whether "allcotton" tampons are safer than the cotton-rayon blend tampons that are the major types available today. In one study it was proposed that all-cotton tampons prevent the production of TSST-1 whereas cotton-rayon tampons support high levels of toxin production (170) . Furthermore, it was proposed that if small amounts of TSST-1 were made in the presence of allcotton tampons, TSST-1 would be irretrievably bound by the cotton fibers and would therefore be unavailable for causation of TSS. This study has been contradicted by two subsequent studies, both of which showed no significant difference in toxin production among all-cotton, cotton-rayon, and rayon tampons (126, 148) . Furthermore, there was no demonstrable binding of TSST-1 by cotton fibers. It was concluded from the latter studies that the important risk factor for TSS, as provided by tampons, depended on absorbency rather than on tampon composition. Therefore, as tampon absorbency increases, the risk for the development of TSS also increases. It remains prudent, therefore, to recommend tampons of lowest absorbency to control menstrual blood flow for women choosing to use tampons.
Pathogenesis
Among the shared properties of the PTSAgs is their capacity to induce lethal shock in susceptible animal hosts (8, 11, 24, 75, 154) . For example, TSST-1 and SPE A each produce a lethal disease resembling TSS when administered as continuous infusions to rabbits over a 7-day period (94, 125) . Administration of combinations of PTSAgs to rabbits results in greatly increased rates of mortality compared to administration of an equivalent mass of each toxin given alone (P. M. Schlievert, unpublished data). Anecdotal evidence from clinical accidents suggests that these toxins are highly lethal to humans, in which the lethal dose of an injected PTSAg may be as low as 1 to 2 g. Intravenous fluid replacement is effective in the treatment of TSS and was found to be completely protective in the rabbit model of TSS (95) . Thus, the fundamental cause of death in TSS appears to be hypovolemic shock leading to multiorgan failure. Three mechanisms have been proposed to account for the ability of PTSAgs to cause hypotension, the most serious symptom of TSS. These are summarized in Table 2 .
PTSAg-induced cytokine release. PTSAg-mediated activation of T cells is generally regarded as an important cause of lethal shock in patients with TSS (38, 106, 110) . As superantigens, these toxins differ from conventional T-cell antigens in several important ways. First, PTSAgs are presented to T cells on host antigen-presenting cells without first being internalized and processed by these cells. PTSAgs bind directly to the invariant regions of major histocompatibility class II molecules (MHC II) and are known to complex with many different MHC II products (although preferential binding has been observed with some PTSAgs). Second, stimulation of T cells by a PTSAg is dependent not on the antigen specificity of the TCR but, rather, on the composition of the variable part of the TCR ␤ chain (V␤). Despite having different antigen specificities, large subsets of T cells express the same V␤ region in their TCR. Whereas a typical antigenic peptide-MHC class II complex stimulates host T cells at a frequency of approximately 1/10,000, a superantigen such as TSST-1 stimulates human T cells that express V␤2, which may represent 5 to 30% of all host T cells. Finally, PTSAgs induce the V␤-specific expansion of both CD4-and CD8-positive subsets of T lymphocytes (55, 138) .
The mitogenic potential of a given PTSAg or PTSAg mutant protein has been shown to depend on the species from which the target lymphocytes have been isolated (73, 114, 129) . This finding presumably reflects the dependence of superantigenicity on PTSAg engagement of MHC class II and TCR molecules. Significant differences exist in the sequences of MHC class II alleles and TCR V␤ elements expressed by different species, and these differences probably have important effects on the interaction of a PTSAg with MHC class II and TCR molecules.
A potentially fatal consequence of immune system cell acti- (95) . In addition, a recombinant form of TSST-1 (described below) exhibited complete lethal activity in rabbits despite a significant lack of superantigenic activity (111) . Based on these findings, it has been proposed that the PTSAgs have at least one other function that contributes to their lethal activity (111) . PTSAg-induced hypersensitivity to endotoxin. The endotoxin enhancement activity of the PTSAgs may also be responsible for their lethal effects. An injection of PTSAg dramatically increases the susceptibility of rabbits to the lethal effects of endotoxin (which is usually given as a second injection several hours later). For example, a 50-g/kg intravenous injection of TSST-1 into rabbits lowers the LD 50 of endotoxin in rabbits from 500 to 0.01 g/kg, which represents a 50,000-fold enhancement in susceptibility to endotoxin (145) . Since the lethal dose of endotoxin in humans may be as low as 1 to 2 g (141), an equivalent amplification of endotoxicity in humans would reduce the lethal dose of endotoxin into the picogram range. PTSAg-induced endotoxin hypersensitivity may result from impaired hepatic clearance of circulating endotoxins (59, 145, 151) , which are hypothesized to induce the release of lethal amounts of monokines, notably tumor necrosis factor alpha (TNF-␣), from host macrophages. Endotoxemia arising from endogenous sources was detected in rabbits injected with TSST-1, as well as in humans during the acute phase of TSS (164) . PTSAgs may impair liver endotoxin clearance functions through direct cytotoxic effects on liver cells (31, 151) . Although the endotoxin enhancement activity of TSST-1 mutants has been highly predictive of their lethal activity in a rabbit infusion model of TSS (111) , three independent investigations reported that polymyxin B, an antibiotic which neutralizes endotoxins, failed to protect rabbits from a lethal infusion of TSST-1 (95, 108, 125) . It may be noteworthy that death was significantly delayed in one of these studies (95) , but these findings indicated that endotoxin is probably not an essential mediator of TSS.
Direct effects of PTSAgs on endothelial cells. In addition to causing the release of vasoactive mediators such as TNF-␣ from host leukocytes, PTSAgs may cause hypotension by binding directly to uncharacterized receptors located on endothelial cells. The interaction between TSST-1 and human umbilical vein endothelial cells was investigated in segments of human umbilical veins perfused with solutions containing radiolabeled TSST-1 (90). TSST-1 was shown to bind to human umbilical vein endothelial cells with high affinity. Immunogold staining techniques further revealed that TSST-1 was present on the luminal surface of endothelial cells, within the cytoplasmic compartment of endothelial cells, and within the perivascular spaces (90) . A subsequent study demonstrated high-affinity binding of TSST-1 to porcine endothelial cells (97) . In this study, TSST-1 exhibited dose-dependent cytotoxic effects on endothelial cells. At lower concentrations, TSST-1 was not significantly cytotoxic but caused leakage of albumin across porcine endothelial cell monolayers. SEB also caused barrier dysfunction and cytotoxic injury to monolayers of bovine or human pulmonary artery endothelial cells (30) . MHC class II molecules have been implicated as the receptors on endothelial cells that interact with TSST-1 or SEB (5, 88, 173) . Theoretically, PTSAgs could cause capillary leakage by binding to endothelial cells and causing endothelial cell death, intercellular gap formation, and/or endothelial cell hypersensitivity to endotoxin.
Animal models. There is clearly a need for further research on the lethal effects of the PTSAgs in appropriate animal models. The majority of studies on the lethal effects of PTSAgs in vivo have been conducted with mice, which are highly resistant to the lethal effects of PTSAgs. For example, many strains of mice do not develop a disease resembling TSS even after high-dose injections (4 mg/mouse) or continuous infusions (500 g/mouse) of TSST-1, although they may develop massive splenomegaly (47; M. M. Dinges and P. M. Schlievert, unpublished data). Potent sensitizing agents such the hepatotoxin D-galactosamine have often been given to render mice more susceptible to a PTSAg. However, mice given a PTSAg in conjunction with D-galactosamine develop fulminant liver failure, which appears to be caused by extensive TNF-␣-mediated hepatocellular apoptosis (98, 113) . A similar condition has not been reported in patients with TSS, and this discrepancy has raised serious questions about the validity of murine models of TSS (47) . Rabbits are also resistant to high doses (Ͼ1 mg/kg) of PTSAgs when these toxins are given intravenously, but rabbits challenged with low doses of PTSAgs by means of continuous infusion develop a lethal disease that is highly similar to TSS (125) . Rabbits have therefore become an accepted animal model for research on TSS.
STRUCTURAL BIOLOGY OF PTSAgs
By comparing the three-dimensional structure of TSST-1 to those of SEA, SEB, and SEC, it is evident that each of these proteins is folded into a highly prototypical structure (1, 70, 122, 130, 142, 168) . The basic structural features exemplified by TSST-1 are also seen in the other PTSAgs, although these toxins have additional features. This high level of structural homology is not surprising in view of their functional relatedness. Of considerable interest are the molecular structures of PTSAgs in complex with MHC class II molecules or the ␤ chain of the TCR. In conjunction with mutational analysis, these structures have provided a highly detailed picture of how PTSAgs activate both T and antigen-presenting cells.
Toxic Shock Syndrome Toxin 1
TSST-1 is encoded by tstH (where H refers to human isolate), which is present on the bacterial chromosome within a 15.2-kb mobile genetic element called staphylococcal pathogenicity island 1 (21, 102, 117, 124) . TSST-1 is translated as a precursor protein with 234 amino acids and secreted after cleavage of a 40-amino-acid signal sequence located at its amino terminus. The mature protein is a single polypeptide chain with a molecular weight of 22,000 and an isoelectric point (pI) of 7.2. Another form of TSST-1 exhibits a slightly different pI, attributed to microheterogeneity, but is encoded by the same gene and has the same biological properties (22) . TSST-1 contains a high percentage of hydrophobic amino acids, yet it is highly soluble in water. There are no cysteine residues, and the toxin is generally resistant to heat and proteolysis. For example, TSST-1 can be boiled for more than 1 h without detectable loss of biological activity, and it is not cleaved after prolonged exposure to trypsin. TSST-1 is antigenically distinct from other PTSAgs and does not have significant primary sequence homology to other known proteins, including other PTSAgs.
The ability to obtain diffraction-quality crystals from highly purified TSST-1 (23, 24, 51, 152) has led to the determination VOL. 13, 2000 S. AUREUS EXOTOXINS 21 of its three-dimensional structure (1, 130) . As illustrated in the ribbon diagram in Fig. 1 , TSST-1 is composed of two adjacent domains. Domain A (residues 1 to 17 and 90 to 194) contains a long central ␣-helix (residues 125 to 140), which is surrounded by a five-strand ␤-sheet. A short-amino terminal helix approaches the top of this central helix in domain A. Domain B (residues 18 to 89) is composed of a barrel (claw) motif made up of five ␤-strands. The central helix is located at the base of two grooves, referred to as the front-and back-side grooves. The walls of these grooves are defined by the amino-terminal ␣-helix on the back side of the molecule and by several loops on the front side, as viewed from the front of the ribbon diagram. The back-side groove is larger and more exposed than the front-side groove. In addition, one crystal form of TSST-1 contains a zinc molecule bound between two symmetry-related TSST-1 molecules, but the relevance of zinc to the biological activity of TSST-1 is questionable (50, 131) . Finally, TSST-1 forms homodimers in most of its known crystal forms (52), but these dimeric interactions are not observed in the crystal structure of the TSST-1-MHC class II complex (84) (see below). Initial studies of TSST-1 mutants revealed that residues on the back side of the central ␣-helix were required for the superantigenic activity of TSST-1 (20) . For example, changing the histidine at position 135 to an alanine (H135A) resulted in the complete inactivation of TSST-1: H135A was neither lethal nor superantigenic (28, 29) . Murray et al. (111) further demonstrated that mutation of residues proximal to H135A also led to reductions in the lethality and superantigenicity of TSST-1. Most of these mutations, however, did not abrogate the antigenicity of TSST-1 as measured by reactivity to TSST-1-specific antibodies. Accordingly, when the effects of single amino acid changes on the structure of TSST-1 were visualized in the crystal forms of H135A, T128A, Q136A, Q139K, and I140T, each mutant exhibited structural changes that were highly localized to the area of the mutated residue (52). Since TSST-1 H135A completely lacks toxicity, it can be considered a toxoid.
A decrease in superantigenicity of TSST-1 may result from decreased binding to the TCR, the MHC class II molecules, or both. Hurley et al. (73) constructed a large set of TSST-1 molecules containing single or double amino acid mutations. These TSST-1 mutant proteins were then tested for their capacity to bind to MHC class II molecules and to stimulate T cells. Mutations having functional consequences were mapped to three regions of TSST-1. One cluster of mutations abrogated the MHC class II binding of TSST-1 and was located within the ␤-claw motif of TSST-1. Mutations in this cluster also abrogated the ability of TSST-1 to stimulate T cells, indicating that MHC class II binding was required for the superantigenic effects of TSST-1. In contrast, mutations directed to the two other regions of TSST-1 were associated with significant reductions in T-cell mitogenicity but had no effect on MHC class II binding activity. It was concluded that these last two regions defined the TCR binding site of TSST-1. Residues in these regions mapped to the major groove of the central ␣-helix or the short amino-terminal ␣-helix.
A model of the TSST-1-MHC class II-TCR complex is presented in Fig. 2 . This model is based on mutational analysis of TSST-1 and on the published crystal structure of TSST-1 in complex with HLA-DR1 (84) . Residues in the ␤-claw motif of TSST-1 are known to interact primarily with residues within the invariant region of the ␣-chain of this MHC class II molecule. Residues forming minor contacts with TSST-1 were also identified in the HLA-DR1 ␤-chain, as well as in the antigenic peptide located in the interchain groove. This arrangement of TSST-1 with respect to the MHC class II molecule imposes steric constraints on the subsequent formation of the ternary The biological characteristics of three TSST-1 proteins containing amino acid mutations indicate that the superantigenic and lethal properties of TSST-1 are separable. Two of these TSST-1 mutants exhibited complete lethal activity when tested in rabbits but lacked significant superantigenic activity when incubated with rabbit splenocytes in vitro. The first of these was derived from TSST-1 ovine (TSST-O), a nonlethal variant of TSST-1 produced by sheep mastitis isolates of S. aureus (96) . TSST-O differs from TSST-1 at residues 19, 55, 57, 69, 80, 132, and 140 (96, 112) and is also not superantigenic. When Lys132 in TSST-O was changed to a Glu, the residue at this position in TSST-1, the resulting mutant protein became completely lethal but not superantigenic (112) . TSST-1 Gly16Val was also found to be lethal but not superantigenic (73, 144) . Conversely, the mutant TSST-1 Gln136Ala retained significant superantigenicity, but was not lethal to rabbits even when infused into rabbits at doses 20 times the LD 100 (111) . Although residues Gly16, Glu132, and Gln136 are located in the back-side groove, the putative TCR binding region of TSST-1, Murray et al. (111) have proposed that they are also part of a second and functionally lethal site in TSST-1. 
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Staphylococcal Enterotoxins
The SEs, SEA through SEI except SEF, are produced by various coagulase-producing staphylococci. Although known for many years as the cause of SFP, they have only recently been shown to be superantigenic, and in particular SEB and SEC have been implicated in nonmenstrual TSS. All SEs thus far characterized have the immunomodulatory properties of superantigens, and several have been demonstrated to be lethal in the rabbit model of TSS. Molecular studies of the SEs have shown that superantigenicity and the capacity for causing SFP are determined by separate parts of the protein (2, 67) . Several reviews of SEs are available, and other sections of this review provide background on toxin genetics and TSS pathogenesis.
All toxins thus far identified share a number of important properties (10, 12, 24, 26) , including (i) an ability to cause emesis and gastroenteritis in a primate model, (ii) superantigenicity, (iii) intermediate resistance to heat and pepsin digestion, and (iv) tertiary structural similarity (where known) including an intramolecular disulfide bond. Eight major toxins have been identified, two very recently (SEG and SEI), and various degrees of investigation into their structures and functions have been undertaken. SEC can be further divided into three major antigenic subtypes, SEC1 through SEC3. The primary peptide sequences of all of these toxins are known, and a significant amount of similarity has been observed. Interestingly, the two toxins recently discovered conform well to the previously defined consensus, in terms of conserved residues in the primary sequence. Overall, 15% of the residues are entirely conserved throughout the known SEs. Most of these residues are located either centrally or at the C terminus. Prior to the discovery of SEG and SEI, the SEs could be divided into two groups, one containing SEB and the SECs and the other containing SEA, SEE, SED, and SEH. The second group is of some interest because SEA and SEE are 84% identical while SED and SEH are more distantly similar. The additional toxins, SEG and SEI, seem to fall into groups I (37 to 40% identical to SEB and SEC) and II (26 to 28% identical to SEA, SED, and SEE; 20.6% identical to SEH), respectively.
The antigenic properties of the SEs have not been as useful in identifying important variants in function as they were for toxin differentiation. An example of this is that of the variants of SEC3 produced in bacterial strains FRI909 and FRI913. These two molecules are antigenically indistinguishable despite differing by nine residues. Several SEC variants isolated from ovine and bovine mastitis which are immunologically identical are drastically altered in function. Three amino acid differences between the two molecules result in a hostdependent superantigenicity. It is likely that these differences represent fine-tuning of the toxins to the host organisms. It is not known whether similar heterogeneity will be found in the other SEs.
A great deal of interesting data on the structures of the SEs has been derived from recent crystallographic studies. The first to be published was the crystal structure of SEB, by Swaminathan et al. (168) . In this study it was also proposed that all SEs conform to a common protein fold. The three-dimensional structures of SEA and SEC have verified this assertion. Figure  3 , using SEC3 as an example, illustrates the general characteristics of SE structure. The overall shape of SE molecules is ellipsoid, and they contain two unequal domains. The secondary structure is a mixture of ␣-helix and ␤-sheet components.
The smaller domain (domain B), has an O/B fold, common to staphylococcal nuclease and several other exotoxins. Domain B contains residues near but not including the N terminus of the mature protein, in the fold of a Greek-key ␤-barrel capped by an ␣-helix. This domain structure has been associated with binding to carbohydrates or nucleic acids in other proteins. In this case, however, neither of those two functions has been observed as part of SE activity. The internal ␤-barrel region is richly hydrophobic, and the external surface is covered by a number of hydrophilic residues. The characteristic SE disulfide bond is located at the end of domain B, opposing the ␣-helical cap. The resulting loop structure is flexible, although this seems to vary among the SEs, depending on the length of the loop. Domain A, the larger of the two, contains both the amino and carboxyl termini, as well as a ␤-grasp motif. In SEC, this is composed of a five-strand antiparallel ␤-sheet wall. The amino-terminal residues drape over the edge of the ␤-sheet in a loosely attached structure. The interfaces between the A and B domains are marked by a set of ␣-helices, which form a long groove in the back side of the molecule and a shallow cavity at the top. The long deep groove is similar to TSST-1, and these two structures in SEC3 are the ␣5-groove and ␣3-cavity, respectively.
Although there are certainly some differences in SE structures, the similarities are quite remarkable. Also, despite a lack of primary sequence identity, SEs are similar in structure to TSST-1. SE structure is more complex, however, and contains four features that are not observed in TSST-1: (i) the lengthy amino terminus that drapes over the top of domain A, (ii) a second ␣-helix in the long domain-separating groove, (iii) the cysteine loop in domain B, and (iv) an ␣-helix at the bottom of domain B. These structural findings have led to the supposition that TSST-1 contains the minimal structural requirements for PTSAg activity. The extra structural characteristics of the SEs may result in their ability to induce SFP and their resistance to breakdown in the gastrointestinal tract, qualities which TSST-1 lacks.
Although the lack of an inexpensive animal model of SFP has slowed efforts to examine the structure-function relationship in SE pathogenesis, recent crystallographic and sequence data have allowed some significant advances. These efforts have facilitated rational mutagenesis studies, in which alteration of specific SE structural motifs can be evaluated. One feature which has been of great interest is the intramolecular cysteine loop. Several mutagenic studies have been undertaken, with great emphasis on changing the emetic properties of SEC. An interesting finding with mutants of SEC1 has been that replacement of one or both cysteines with serine (C93S and C110S) does not eliminate emetic activity. In contrast, similar alanine substitutions completely abrogate the ability of the toxin to induce emesis (72) . The most likely explanation of this difference is the ability of serine hydrogen bonds to substitute for the disulfide bond. In this instance, the stabilization of the tertiary structure by the serine hydrogen bonds maintains the integrity of the motif, keeping key residues in place to provide emetic activity. Interestingly, however, the cystine loop itself is not a likely candidate to contain the key residues for emesis, because it is not highly conserved among the SEs. Thus, it is still not known what the key emetic residues are and how they are affected by the disulfide linkage. It has been observed by Iandolo (74) that there is a well-conserved stretch of amino acids directly downstream of the cystine loop. These residues, in the ␤5-strand of SEC1, might well be influenced by the nearby disulfide linkage.
A number of studies have also been undertaken to understand the structural basis for superantigenic activity. These have focused primarily on the binding of PTSAgs to the MHC class II and the TCR. Based on several mutagenic studies, a general mode of TCR binding has been elucidated. This is in contrast to the well-known V␤ specificity of these molecules. The binding of SEA, SEB, and SEC to the TCR was shown to occur through the shallow cavity at the top of the molecule. This cavity appears to interact with all three loops of the V␤ (CDR1, CDR2, and HV4). Recently, SEB and SEC3 (54, 101) were crystallized in complex with the TCR ␤-chain, and this complex verified the previously hypothesized contact residues. The contact residues were shown both mutagenically and crystallographically to be from three distantly spaced regions of the primary sequence, which are brought into proximity with each other and the TCR by the protein fold. These amino acids are not highly conserved across the SEs, and these differences may account for the SE specificity of V␤ interactions. An example is that the nearly half of the amino acid differences between SEC1 and SEC2 are in the contact residue regions. It has been possible to model the TCR-SEB-MHC interaction by using the TCR-SEB crystallographic data coupled with the previously solved SEB-HLA-DR1 structure, determined by Jardetzky et al. (76) . This model contains significant differences from that of the modeled TCR-TSST-1-MHC ternary complex. The most significant of these is that TSST-1 appears to insert much more into the peptide groove of the MHC, occluding many of the contact sites between the MHC class II and the TCR. Additionally, the TCR contact residues on TSST-1 are on the top back of the molecule. SEB and SEC, in contrast, make contact with the TCR through residues on the top front of the toxin and are hypothesized to bind predominantly outside the binding cleft, allowing for at least some interaction between the TCR and the peptide-MHC complex. It is also of note that all of the contacts between the TCR and SEC2 and SEC3 are through hydrogen bonding with the backbone atoms of the V␤, rather than with the residual atoms themselves.
Interestingly, the SEs have evolved several distinct modes of interaction with the MHC class II molecules. This is particularly evident in their different (i) affinities for a given MHC molecule, (ii) repertoires of compatible MHCs, (iii) regions of the MHC molecule to which they bind, and (iv) requirement for a metal atom. The best information on the SE-MHC interaction was provided, as mentioned above, by the crystal structure of SEB complexed with HLA-DR1 (Fig. 4) . Of the four main regions of SEB involved in the interaction, three are in the small domain near or within the cystine loop. In this orientation, the C-terminal region of the toxin is pointed up and away from the ␣1-chain of HLA-DR1. The 19 residues of SEB and the 21 residues of the MHC molecule involved in the interaction are a mixture of polar and nonpolar amino acids. The overall orientation of SEB in the complex is similar to that of TSST-1 bound to HLA-DR1, except that, as mentioned above, TSST-1 protrudes more into the putative MHC-peptide-TCR binding groove.
Additional detailed binding studies of SEB and SEC interacting with the TCR and MHC II have been done by Li et al. (101) with interesting and somewhat unexpected results. Mutations in individual residues responsible for contact between SEC3 and the TCR were made to understand the relationship between TCR binding affinity and mitogenicity. It has been observed that SEB possesses about 10-fold-greater ability to stimulate T cells than SEC3 does in a mitogenicity assay. Interestingly, however, binding assays with wild-type toxin and the 14.3 ␤-chain of the TCR showed that SEB actually has a lower affinity for V␤ than SEC3 does. Mutational studies were done on SEC3, to examine how alanine substitutions in the TCR binding sites of both toxins affected mitogenicity. It was observed that mutations in the TCR binding site of this toxin were capable of sharply reducing mitogenicity. In particular, N23A, Q210A, and F176A had a drastic effect on the mitogenic activity of the toxin, and all of the other contact residues were shown to affect mitogenicity as well. It was hypothesized that by changing the residues in the SEB TCR binding site to be the same as those in SEC3, the affinity of SEB for the TCR might be enhanced. Only three contact residues were found to differ, at positions 20, 26, and 91 (Leu, Val, and Tyr in SEB; Thr, Tyr, and Val in SEC3). Each of these residues in SEB was mutated to the corresponding SEC3 residue, and each single mutant was assessed. In only one case, V26Y, was the binding affinity significantly enhanced, with a corresponding increase in mitogenic activity. The triple mutant was found to have severely decreased binding to the TCR and concomitant low mitogenic activity. None of these mutants were able to replicate the binding of SEC3 to the TCR. By using the crystal structure of the ␤-chain complexed with SEC3 (101), attempts were made to design mutants to enhance the binding of this mutant to the TCR. It was expected that mutants Y26W, Y90W, or V91I might enhance van der Waals interactions with the ␤-chain contact residues. Additional mutations were made in an attempt to create salt bridges between the two molecules. None of these attempts created a toxin molecule with enhanced binding affinity to the TCR, and some even had decreases of up to 10-fold in the strength of the interaction. Finally, binding of these two toxins to the MHC-peptide complex was examined by using soluble HLA-DR1 loaded with hemagglutinin peptide HA 306-318. It was found that SEB had a considerably higher affinity for the MHC class II molecule, which may well explain the difference in activity. It was also demonstrated for several of the mutants with mutations in the SEC3 TCR binding site that they had no effect on HLA-DR1 binding, indicating that there were no overall structural effects of the mutagenesis.
No other SEs have been crystalized in complex with MHC class II. It is possible, though, to predict some aspects of the interaction between the MHC and SEA or SEE. These predictions are based on mutagenesis studies and on the finding that zinc is required for the interaction. SEA contains two MHC class II binding sites. The zinc-dependent site is the major interaction region, and several important residues (His187, His225, and Asp227) were identified by mutagenesis. It is presumed that this binds the MHC ␤ chain. These findings were confirmed by Schad et al. (142) , who solved the crystal structure of SEA and showed that Ser1 is also involved in zinc binding. This major MHC binding site is located in domain B, near the amino terminus. This is on the opposite side of the molecule from the MHC binding site on SEB. The second (minor) binding site on SEA is analogous to the site described above for SEB, which is not zinc dependent in either case. It is not clear whether this site is physiologically relevant in terms of MHC binding. It may be that cooperation between the two binding sites is responsible for the high affinity of SEA for HLA-DR. It may be that this results in a trimer containing the toxin and two bound MHC class II molecules.
The remaining SEs are less well understood, some of them (SEG and SEI) having only recently been isolated. It has been observed that SED has the potential to form a zinc-dependent binding site similar to that in SEA (56) . Although the SEC-TCR-pep-MHC complex has been modeled based on homology between SEC and SEB, SEC could have an alternative binding site in the interdomain groove (70) . A zinc binding site has been identified in the refined (1.9-Å resolution) structure of SEC3 (25), near the base of this groove, which could be involved in this alternate site. In this toxin, the zinc-coordinating residues are Asp83, His118, and His122. Unlike in SEA, this zinc site is composed of an H-E-X-X-H motif most often found in thermolysin-like metalloproteases. It is not clear what the significance of this structure is in SEC, because it is not in the same context as in the proteases. This motif is usually found in an ␣-helix in the metalloproteases, whereas it occurs in an extended loop in SEC. While other toxins such as Bacillus anthracis lethal factor and botulinum toxin have also been found to be proteases and to contain this zinc binding site, no enzymatic activity has been found associated with SEC. It is also interesting that no such site is predicted by the structure of SEB.
STRUCTURAL BIOLOGY OF THE HEMOLYSINS AND LEUKOCIDIN
S. aureus produces a number of cytotoxic molecules, which can be divided into four classes which include the four hemolysins (alpha, beta, delta, and gamma) and Panton-Valentine leukocidin, also known as PV-leukocidin. Each class is discussed individually below.
Alpha-Hemolysin (Alpha-Toxin)
Alpha-hemolysin is by far the most carefully examined of the S. aureus cytotoxins. A high percentage of strains make this toxin, and it is toxic to a wide range of mammalian cells. It is particularly active against rabbit erythrocytes, and it is also dermonecrotic and neurotoxic. Levels of alpha-toxin as low as 1 g are lethal when injected into rabbits intravenously. Extensive reviews of alpha-toxin have been published (18, 57) . This paper deals primarily with recent advances.
The gene that encodes alpha-hemolysin, hla, was cloned from the S. aureus chromosome and sequenced in 1984 by Gray and Kehoe (65) . The first 26 residues of the translated polypeptide comprise a signal sequence which is cleaved during secretion. The mature protein contains 293 residues and has a molecular weight of 33,000 and a pI of about 8.5. There are no cysteines in the mature protein, which is composed primarily of ␤-sheets (65%), with ␣-helical structures making up a much smaller percentage (10%) of the secondary structure. This toxin is under control of the accessory gene regulator (agr) and is therefore made during the late exponential phase of growth in a batch culture. It was observed by O'Reilly et al. (119) that some strains contain the hla gene but do not produce detectable alpha-toxin. This occurs particularly often in TSS isolates. In some cases, it was determined that this was due to mutations in the structural gene which prevented the protein from being translated. A number of methods to purity alpha-toxin have been described. The most commonly used medium has been the yeast extract dialysate of Bernheimer and Schwartz (15) , and Wood 46 is the strain most commonly used for toxin production. Very straightforward methods for obtaining highly purified alpha-toxin have recently been described by Six and Harshman (160) and Harshman et al. (68) . The first of these involved preparative gel electrophoresis, while the second was a selective adsorption and elution from glass-pore beads followed by gel filtration. This latter procedure is quick and simple and yields large amounts of pure toxin (10 to 20 mg/liter).
Alpha-hemolysin monomers are secreted by S. aureus and integrate into the membrane (Fig. 4) of a target cell, where they form cylindrical heptamers (63, 174) . It is this oligomeric form which is capable of lysing eukaryotic cells. The defining characteristic of alpha-toxin is its ability to lyse erythrocytes. In particular, rabbit erythrocytes are extraordinarily susceptible to hemolysis by alpha-toxin, at least 100 times more so than other mammals and 1,000 times more than human erythrocytes (15, 16) .
Once the cylindrical heptamer has formed in the cell membrane, a 1-to 2-nm pore is formed (9, 109) . This pore forms via a stepwise process (174) . The toxin monomer initially binds and incorporates into the target cell membrane. It has been observed that this binding can occur in two different ways (69) . When alpha-toxin is present at low concentrations, a specific receptor binds the protein. The identity of this cell surface receptor is not known. However, at higher concentrations, alpha-hemolysin nonspecifically adheres to the cell membrane (69) . The monomer, whose structure has been deduced from crystallographic studies on the detergent-solubilized heptamer (62) , is capable of penetrating the lipid bilayer. Diffusion of the monomers through the lipid bilayer results in subsequent formation of the heptameric pore (174) . Although it is not thought that major structural changes occur in the toxin after oligomerization, some studies of N-terminal deletion mutants suggest that some conformational change is necessary for pore activation (62, 175) . Previous studies had shown that the N terminus was important in pore formation, but the way in which it played its role and whether its importance was in oligomer formation of pore function was unclear. Vandala et al. (174) constructed a mutant with a deletion of the first 4 amino acids and analyzed the kinetics of oligomerization and the function of the intact mutant heptamer. These studies were contrasted with results for previously constructed 2-and 11-amino-acid deletion mutants, which failed to proceed from a nonlytic to a lytic heptameric pore. Transmission electron microscopic studies were also done to examine the physical structure of the pore, which appeared the same as that of the wild type. The kinetics of assembly were studied as well, and the N-terminal mutant formed heat-and sodium dodecyl sulfate (SDS)-stable oligomers, albeit not as rapidly as the wild-type alpha-toxin did. The mutant toxin was functional but slower to produce erythrocyte lysis, and two-to threefold-larger amounts of mutant alpha-toxin were required to produce 50% lysis compared to the amount of wild type needed. The deletion mutant was able to inhibit lysis by wild-type alpha-toxin, which supports the argument that interactions between the N termini of the monomers are required for pore formation. These competition experiments also showed that homoheptamers of mutant and wild-type alpha-toxin, as well as hybrid oligomers, were capable of forming and presumably of causing lysis, although with differing efficiencies. In contrast, C-terminal deletion mutants thus far examined have been unstable in the monomeric form. It was concluded from these studies that the N terminus of alpha-toxin is important in the opening of the hemolytic pore after oligomerization. The resultant pore allows rapid efflux of K ϩ and other small molecules and influx of Na ϩ , Ca 2ϩ , and small molecules with molecular weights less than 1,000. Osmotic swelling of the erythrocyte finally results in rupture.
These pores are not necessarily found on all susceptible cell types, however. Smaller pores appear to form on keratinocytes and lymphocytes and permit only monovalent ions to pass (78, 177) . Some cells, fibroblasts in particular, are able to repair membrane damage done by low doses of alpha-toxin.
Toxin expression has been a subject of some interest, and outside of agr regulation, effects of environmental factors appear to play a role in alpha-hemolysin expression. Ohlsen et al. (118) explored the transcriptional regulation of hla by using the alpha-toxin promoter fused to a lacZ gene from Escherichia coli. Subsequent analysis of expression revealed that a number of environmental factors impact on alpha-toxin production. Expression was found to be temperature dependent, with maximal expression at 42°C. Additionally, this increased expression was observed to be decoupled from agr RNAIII production, indicating that this altered expression might not be directed by that regulatory system. The expression maximum at 42°C was observed in mid-exponential phase, as opposed to the later expression usually seen in agr-controlled systems. It was found additionally that high osmolarity repressed hla transcription, whereas CO 2 stimulated activity. Oxygen was found to be essential for expression, and growth on solid medium was found to be more conducive to expression of the fusion gene.
As mentioned above, alpha-hemolysin is dermonecrotic and neurotoxic and can be lethal in a variety of animal systems. These factors contribute to the consensus among researchers that this toxin is important in several disease states caused by S. aureus infection. The significance of alpha-toxin in human disease has not been irrefutably established, however. The toxin has a number of effects on the host, largely due to the formation of unregulated pores for ion transmission across the membranes of a variety of cell types (18) . An example is the formation of pores in the membranes of endothelial cells, resulting in arachidonic acid metabolism due to Ca 2ϩ influx (157, 167) . Formation of thromboxane and prostacyclin results from activation of this metabolic pathway, leading to vasoconstriction. In addition, osmotic swelling causes a breakdown in cell integrity, with the effect of increasing vascular permeability. The final effect on a host is pulmonary edema or adult respiratory distress syndrome. Additionally, alpha-toxin effects on platelets can lead to release of procoagulation factors via Ca 2ϩ influx (17) . Another mechanism by which alpha-toxin can lead to edema is via endothelial cell contraction caused by leakage of ATP together with calcium ion influx, which results VOL. 13, 2000 S. AUREUS EXOTOXINS 27 on October 10, 2017 by guest http://cmr.asm.org/ in leaky gaps between cells. Finally, the calcium flux may trigger cellular nucleases, leading to apoptotic cell death (78) . The neurotoxicity of alpha-toxin has been observed in rabbits and mice, in the destruction of myelin sheaths surrounding rabbit nerves and in the murine cerebral cortex (18) . An effect on macrophages has also been observed, resulting in increased secretion of interleukin-1␤. These widespread effects, and possibly many others, are due primarily to the alteration of the ion balance within the host. The breadth of the effect is consistent with the ability of the toxin to interact with specific receptors on the cell surface as well as nonspecifically with the membrane.
Beta-Hemolysin (Sphingomyelinase C)
S. aureus beta-hemolysin, first identified in 1935 by Glenny and Stevens (60) , was also shown by them to be highly hemolytic for sheep but not rabbit erythrocytes. It is not dermonecrotic in guinea pigs, and it is not lethal in mice. Glenny and Stevens also noted that the hemolytic activity of this toxin was enhanced by incubation below 10°C after treatment at 37°C, leading to the appellation "hot-cold" hemolysin.
Beta-hemolysin is secreted into the culture medium as an exotoxin with a molecular weight of 35,000. The gene was cloned by Projan et al. (134) and Coleman et al. (39) , and the nucleotide sequence was published by Projan et al. (134) . The gene, named hlb, is chromosomally located on a 4-kb ClaI DNA fragment and encodes a 330-amino-acid polypeptide with a predicted molecular weight of 39,000. A 200-residue region of homology has been found to Bacillus cereus sphingomyelinase (55.7% similarity [181] ).
Unpublished studies in our laboratory have allowed us to unambiguously establish the N terminus of the mature protein.
The N-terminal sequence of secreted beta-hemolysin is Glu Ser Lys Lys Asp Asp Thr Asp Leu Lys, corresponding precisely to residues 35 to 44 of the sequence published by Projan et al. (134) . The first 34 residues of the polypeptide comprise a signal sequence, cleaved upon secretion, resulting in a mature protein with molecular weight of approximately 35,000, as previously determined by SDS-polyacrylamide gel electrophoresis (PAGE). This protein is extremely basic, with an isoelectric point above pH 9.
Beta-hemolysin is produced in large quantity by a number of S. aureus strains, particularly animal isolates. Thorough reviews of the conditions required for toxin production are provided elsewhere (14, 57) . Large amounts of toxin have been produced by using yeast dialysate medium, as with alpha-hemolysin, or with beef heart dialysate medium, as we used in our laboratory. Like most other exoproteins in S. aureus, betahemolysin is regulated after the exponential phase.
Similarly to the growth conditions, preparative methods for purification of beta-hemolysin have been extensively reviewed; they include gel filtration, precipitation, ion-exchange chromatography, gel electrophoresis, and isoelectric focusing. Others have reported yields of 1 to 2 mg of purified toxin per liter, but our laboratory has been able to obtain 15 to 20 mg per liter of culture by precipitation with ethanol followed by successive isoelectric focusing in pH gradients of 3.5 to 10 and 7 to 9. The homogeneity of the purified protein was shown by SDS-PAGE and N-terminal sequencing.
Beta-hemolysin was found in 1963 to have phosphorylase c activity (48) . This activity requires the presence of Mg 2ϩ and is limited with specificity for sphingomyelin and lyso-phosphatidylcholine. The differing susceptibility of erythrocytes to betahemolysin may be due to the differing sphingomyelin contents of erythrocytes (49) . A mechanism to explain the hot-cold hemolysis was put forward by Low and Freer (103) in 1977. At 20°C, cohesive forces within the membrane are capable of keeping the hemolytic products together, but upon cooling, phase separation occurs, causing bilayer collapse.
The role of beta-hemolysin in disease is not clearly understood. The high level of expression in animal strains indicates that ␤-hemolysin producers garner some selective advantage from toxin secretion. The only evidence to support this, however, is a recent study which shows that toxin production enhances S. aureus growth in the murine mammary glands compared to an isogenic hlb knockout organism.
In diagnostic microbiology, a presumptive test for group B streptococci involves beta-hemolysin. This test, the CAMP test, is performed by either dropping pure beta-hemolysin or culture fluid contain toxin on a lawn of presumptive group B streptococci and looking for enhanced hemolytic activity on blood agar after incubation at 35°C for 30 min to a few hours. Alternatively, the presumptive group B streptococci can be streaked perpendicular to, but not touching, a beta-hemolysin producing S. aureus strain on a blood agar plate. A zone of enhanced beta-hemolytic activity can be seen between the two organisms.
Gamma-Hemolysin and PV-Leukocidin (Two-Component Toxins)
Two types of bicomponent toxins are made by S. aureus, gamma-hemolysin and Panton-Valenine (PV) leukocidin. Each of these toxins is made as two nonassociated secreted proteins, referred to as S and F components (for slow-and fast-eluting proteins in an ion-exchange column) (179, 180) . Gamma-hemolysin is made by virtually every strain of S. aureus, while PV leukocidin is made by 2 to 3% of strains. The toxins affect neutrophils and macrophages, and gamma-hemolysin is additionally able to lyse many varieties of mammalian erythrocytes. Gamma-hemolysin is not identifiable on blood agar plates, however, due to the inhibitory effect of agar on toxin activity (132) .
The physicochemical and biological properties of these two toxins and their relationship to one another have been difficult to study, and the literature is quite confusing. Recently, however, some clarifications have been provided by Prevost et al. (133) .
Studies by Prevost et al. (133) and others have shown that the components of these proteins arise from two distinct loci within the S. aureus genome, and the two toxins result. In strains containing both cytotoxins, three S components (HlgA, HlgC, and LukS-PV) and two F components (HlgB and LukF-PV) are available. A high level of sequence identity is present among these gene products.
The genes for gamma-hemolysin are transcribed from a single locus, located on a 4.5-kb ScaI-digested chromosomal fragment. Extracts from a clone containing this fragment were hemolytic and leukotoxic. The open reading frames, in order, are named hlgA, hlgC, and hlgB, and they correspond to previously identified gamma-hemolysin genes (40, 42, 79) . hlgC and hlgB are transcribed on a single mRNA, while hlgA is separately expressed.
The three encoded proteins are all translated with a single sequence, which is cleaved to form the mature, secreted subunit protein. The mature products have molecular weights of 32,000 for HlgA, 32,500 for HlgC, and 34,000 for HlgB; their pIs are estimated at 9.4, 9.0, and 9.1, respectively. HlgA has previously been termed the ␥ 1 component of gamma-hemolysin, and HlgC has been termed the ␥ 2 component. HlgB and HlgC together constitute what was previously known as gam-ma-hemolysin. The hlg locus is nearly identical to the lukR locus, encoding leukocidin R (166) . A few nucleotide differences are present between the two regions, but only one protein, HlgA, contained any amino acid differences (Arg258Lys and His248Pro).
The earliest description of gamma-hemolysin was in 1938 by Smith and Price (161) . A variety of subsequent reviews concerning its production have been published, the most significant by Plommet (128) . S. aureus 5R does not produce any alpha-, beta-, or delta-toxin and is therefore a good source of gamma-hemolysin. The review by Plommet makes three suggestions for production of this hemolysin: (i) use of the specific S. aureus strain, (ii) growth in yeast extract dialysate medium, and (iii) aeration with an 80:20 mix of oxygen and carbon dioxide.
Gamma-hemolysin may be purified by batch adsorption onto hydroxyapatite and elution with potassium phosphate (128) . The S and F components may be separated by eluting with two different potassium phosphate buffers.
The genes encoding PV-leukocidin were cloned and sequenced by Prevost et al. (133) and named lukS-PV and lukF-PV. A 6.5-kb EcoRV fragment of the S. aureus chromosome contains the entire luk-PV locus, consisting of two separate reading frames. Protein extracted from the clone were leukotoxic but exhibited no hemolytic activity. The lukS-PV gene encodes a 312-amino-acid polypeptide, including a 28-residue signal sequence which is cleaved to produce the mature protein with a molecular weight of 32,000. The LukS-PV protein has an isoelectric point of 9.0. The LukF-PV protein is a 325-amino-acid protein which similarly contains a 24-residue signal peptide. The mature protein has a pI of 9 and a molecular weight of 34,000.
Noda and Kato (116) illustrated the techniques commonly used in PV-leukocidin production. The V8 strain of S. aureus is useful for this purpose, and it is cultured in yeast extractCasamino Acids medium. Purification of PV-leukocidin is complex, involving successive precipitation with ZnCl 2 and ammonium sulfate followed by chromatographic and electrophoretic techniques. Both components of PV-leukocidin have been crystallized.
There are six possible forms of gamma-hemolysin/PV-leukocidin, due to the presence of three potential S and two potential F units, all of which may combine (SϩF) to form a toxin molecule. Konig et al. (86) found that these subunits lacked hemolytic and leukotoxic activity when assayed alone. When added as pairs to erythrocytes, however, different activity levels were noted. HlgA-LukF-PV, HlgA-HlgB, and HlgCHlgB had high hemolytic activity, with HlgA-HlgB having the highest among these. The remaining combinations had much lower hemolytic activity. All six possible combinations, however, were able to efficiently lyse leukocytes (86) .
Inflammatory responses due to the bicomponent toxins have also been observed, including the ability of PV-leukocidin to induce granule secretion in polymorphonuclear leukocytes and the release of inflammatory mediators (159) . It is not clear whether gamma-hemolysin is likewise capable of inducing these responses. Through detailed study of the stimulation of human granulocytes in vitro by all possible bicomponent toxin combinations, Siqueira et al. (159) were able to assess the immunomodulatory activities of these toxins. They found that gamma-hemolysin was less able to induce a response from polymorphonuclear leukocytes than was PV-leukocidin but that the S subunit was the important one in this respect, rather than the F subunit. Further experiments were done with regard to the effects of these toxins in a rabbit corneal model (159) . The in vitro data were supported by this rabbit model, indicating that a severe inflammatory response could be elicited by these bicomponent toxins was governed primarily by the potency of the S subunit. A working hypothesis is that the S component is responsible for initial membrane binding, making it more critical of the two subunits in determining activity (159) .
Despite this research into the details of the functions of the bicomponent toxins, their role in the progression of staphylococcal disease remains unclear. Although Prevost and others have speculated on the mechanism of toxin action, no clear molecular activity has been elucidated. It has also been reported that Staphylococcus intermedius strains make a related bicomponent toxin, which has yet to be studied extensively.
Delta-Hemolysin (Delta-Lysin, Delta-Toxin)
Delta-hemolysin, a 26-amino-acid peptide, is capable of causing membrane damage in a variety of mammalian cells. Toxin from human isolates of S. aureus contains nine amino acid differences from the canine strain-derived delta-hemolysin, although both are 26 residues long and have molecular weights of approximately 3,000. These different hemolysins have conserved charge properties, and both are hemolytically active, but only partial serological identity is observed. This protein is made by 97% of S. aureus strains, and an immunologically related protein is made by Staphylococcus haemolyticus strains.
A 514-nucleotide transcript is encoded by the hld gene, which eventually produces delta-hemolysin (127) . The first 160 nucleotides of this transcript contain a 45-codon open reading frame, of which the delta-hemolysin structural gene makes up the 3Ј end (6, 127) . It has been observed in detail that the large transcript plays an important regulatory role in the accessory gene regulator (agr) system, which controls the production of cell-associated and secreted virulence factors. Delta-hemolysin is itself controlled by agr, and the highest expression in broth culture is found in the late-logarithmic (postexponential) phase. In this respect, delta-hemolysin is like many other staphylococcal exoproteins. This toxin, however, is secreted without a signal peptide, and in fact it has been suggested that delta-hemolysin itself would make an efficient signal peptide.
Today, delta-hemolysin is made by two major techniques: (i) peptide synthesis and (ii) purification from S. aureus cultures deficient in alpha-hemolysin, such as NCTC 10345 and 186X (19, 45) . Excellent yields of toxin from these strains, ϳ300 g/liter have been obtained by using the yeast extract dialysate medium of Bernheimer and Schwartz (15) . Toxin has been successfully purified from hydroxyapatite columns and found to be highly pure. In an SDS-PAGE gel (15% polyacrylamide) the delta-hemolysin band migrates at a molecular weight of about 6,000, approximately twice the predicted value. This is probably due to the tendency of delta-toxin to aggregate, and the band in the gel is probably a dimer; alternatively, the alteration may be due to charge or shape properties of the peptide monomer itself.
Automated or manual peptide synthesis techniques can yield gram quantities. Delta-hemolysin which lacked an amino formyl-methionine without loss of the toxin characteristics was synthesized by Dhople and Nagaraj (45) .
As mentioned above, delta-hemolysin is produced by 97% of S. aureus strains. It is also hypothesized that 50 to 70% of coagulase-negative staphylococci produce this toxin. Although delta-toxin causes a wide range of cytotoxic effects, its importance in disease etiology remains unclear. Delta-hemolysin is capable of lysing erythrocytes and other mammalian cells, as well as subcellular structures such as membrane-bound or-VOL. 13, 2000 S. AUREUS EXOTOXINS 29 ganelles, spheroplasts, and protoplasts (58) . Also, a dermonecrotic activity has been observed, as well as lethality in experimental animals when used in high concentrations. It remains possible, however, that these activities result from contamination with very small amounts of alpha-toxin. The presence of phospholipids inhibits delta-hemolysin activity. The mechanism of delta-hemolysin action has been the subject of great interest. An ␣-helix is formed by delta-toxin (58, 93) with hydrophobic and hydrophilic domains on opposite sides. Based on this information, it is proposed that deltahemolysin acts as a surfactant to disrupt the cell membrane. The speed with which the target cell is lysed supports this hypothesis. Low-molecular-weight particles are released first, and prolonged exposure subsequently results in release of large molecules. Structural examination by Thelastam and Mollby (169) showed that delta-toxin is similar in both structure and proposed mechanism to the bee venom mellitin. Other members of this family have been found, including some with antimicrobial activity. This activity has not been observed in delta-hemolysin, however. It has been proposed that this family of molecules may be able to aggregate to form channels on a lipid bilayer (89). Mellor et al. (109) showed that deltahemolysin can be made to form cation-selective channels in the membrane. The authors proposed that a channel is formed by six aggregated ␣-helical toxin molecules in a hexagonal arrangements.
FUTURE STUDIES
Disease causation by S. aureus is a very complex process and probably involves large numbers of factors, both cell associated and secreted. In this review, we have examined many of the important secreted virulence factors of S. aureus. It is clear from these studies that the major effects of the toxins are to inactivate cells of the host immune system, whether through superantigen-mediated release of cytokines or direct cytotoxicity, as is the case with the action of hemolysins. However, much remains to be learned about how the toxins function. For example, in a number of studies, it appears that the PTSAg properties of superantigenicity, lethality, and emesis (for SEs) are independent. The question then arises of which PTSAg effects are required for TSS induction. Furthermore, PTSAgs are typically secreted in the postexponential phase of growth, being made in the greatest amounts when the bacterial cells are present in the highest concentration. It is reasonable to speculate, then, that the PTSAgs are important in the early events that lead to establishment of an infection site in a new host, which would most successfully occur after transmission of bacteria that were present at high cell densities. Finally, new PTSAgs arise or are recognized every few years, creating the possibility for newly emergent diseases. In the past, S. aureus strains have cycled in roughly 10-year periods, as exemplified by the 80/81 S. aureus strains isolated from hospital populations in the 1950s and by the 52/52A strains isolated in the 1960s. Clearly, TSST-1-positive strains emerged in the 1970s as significant pathogenic strains of S. aureus. Several questions arise. (i) Are new PTSAg-mediated diseases arising at present? (ii) What are the genetic events that lead to production of new PTSAgs? (iii) With the presence of more antibiotic-resistant strains, are there novel ways that we can target S. aureus virulence factors, thereby preventing their production and thus ameliorating disease?
